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Abstract 
The dynamic, fluid-filled RCCS bioreactor, based on the operational principle of relative micro-gravity condition, 
is a new efficient system devised to perform long-term three-dimensional (3D) culture of cells and tissue explants. In 
the present study, we evaluated the impact of the RCCS-produced hydrodynamic condition on an innovative 3D in 
vitro model of osteocytes’ differentiation and bone matrix formation, obtained by coupling primary human 
osteoblasts with biphasic calcium phosphate (BCP) ceramic particles. 
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1. Introduction 
Long-term three-dimensional (3D) culture of cells and tissue explants is a major challenge in cell 
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biology and physiology studies, as alternative to conventional methods based on two-dimensional (2D) in 
vitro systems and experimental animal models [1]. Being able to reproduce specific tissue-like structures 
and to mimic functions and responses of real tissues in a way that is more physiologically relevant than 
what can be achieved through traditional 2D cell monolayers, 3D cell culture models have the potential to 
improve the physiological relevance of cell-based assays and to advance the quantitative modelling of 
biological systems from cells to living organisms [2]. In vivo, cells develop and grow within complex and 
dynamic tissue-specific 3D micro-environments, responsible for unique cell behaviour and responses; 
based on this consideration, a considerable number of complex and differentiated 3D culture systems 
have been developed during the last decade [3]. 
Mammalian cells are among the most difficult living entities to keep in vitro, due to their important 
and specific nutrients’ needs, their sensitivity to nitrogenated wastes, and their fragility to shear stress. 
Dynamic bioreactors were primarily developed to modulate mass transfer, a crucial element for 
guaranteeing gas/nutrient supply and waste elimination, essential factors for maintaining cell viability 
within large 3D cell/tissue masses. Despite a wide array of dynamic bioreactors has been devised [4], 
low-shear environment and optimal mass transfer were attained only with the introduction of the Rotary 
Cell Culture System (RCCS™) bioreactors. Fruit of N.A.S.A.’s Johnson Space Center technological 
research, and used in ground as well as in space-based studies on a wide variety of cell types and tissues 
(a vast literature is available at http://www.synthecon.com), the RCCS™ devices are commercially 
available from Synthecon Inc. (Houston, USA). With no internal moving parts, these devices are 
horizontally rotating, transparent clinostats, that leave no head space between atmosphere and culture 
medium, therefore reducing shear forces and turbulence normally associated with impeller-driven stirred 
bioreactors, to a minimum; sedimentation and inadequate gas/nutrients supply are also avoided. By 
reproducing some aspect of microgravity (simulated microgravity), this unique and highly controlled 
microenvironment guarantees the most favourable conditions for cell and tissue culturing [5], and provide 
potentially powerful tools to reproduce specific 3D tissue morphogenesis [3]. The relevance of this 
technology in enabling the long-term culture of complex tissue-like 3D constructs and tissue explants of 
various origin (bone included) has been demonstrated also by our group [6], [7]. 
Bone is a dynamic, highly specialized hard tissue, constituted of a mineralized collagen matrix and 
three different cell types: osteocytes, osteoblasts and osteoclasts. These cells are responsible for bone 
structural properties and remodeling all along the life of vertebrates. Due to the complexity of bone tissue, 
that makes difficult to perform in vivo studies, bone cells have long been studied in vitro through 
traditional 2D culture systems (cell monolayers growing on flat and rigid plastic surfaces). However, in 
these conditions, bone cells show an abnormal behavior and lose their differentiated properties. Since the 
importance of tissue-specific 3D microenvironments has been demonstrated to play a pivotal role in 
reproducing in vitro physiologically relevant tissue substitutes, the rapid advances in cell biology and 
material sciences have greatly contributed to the development of a broad range of natural or synthetic 
biomaterials that can be potentially used to set up various bone-derived 3D culture systems. Among these 
biomaterials, biphasic calcium phosphate (BCP) composed of hydroxyapatite (HA) and beta-tricalcium 
phosphate (TCP) are osteoconductive biomaterials commonly used as alternatives or additives to 
autogenous bone for orthopedic and dental applications [8], as scaffolds for bone tissue engineering [9], 
[10] or as mineral support for bone cell culture [11]. These biomaterials are available in a variety of 
forms, including macroporous blocks, granules, and particles. Particulate forms below 500 m are being 
developed, providing with total interconnected open porosity allowing free circulation of fluids and cells 
[10], [12]. By combining primary human osteoblasts (hOST) and BCP ceramic particles, we recently 
engineered a 3D model of human collagen bone matrix formation and spontaneous osteocyte 
differentiation [13]. Histological and molecular analyses of the engineered 3D bio-construct demonstrated 
the presence of a neo-synthetized osteoïd matrix, including many lacunae in which cells were individually 
embedded and exhibit characteristics of osteocyte-like cells. Real time PCR expression of a set of bone-
related genes confirmed their osteocyte’s phenotype [13]. This 3D model thus recapitulates some 
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important characteristics of osteoïd matrix formation and osteocyte’s differentiation phenomena. 
Nevertheless, the comparison of these osteocyte-like cells with differentiated osteocytes micro-dissected 
from human cortical bone, indicated their maturation at osteoïd-osteocytes stage (i.e. a non-fully mature 
stage).  
In order to further improve our model for obtaining more physiologically relevant human-derived 3D 
bone tissue-like structures, we decided to keep it in a fluid-dynamic culture condition. To this aim we 
employed the microgravity-based RCCS
TM
 technology described above. 
Nomenclature 
 
RCCS™ Rotary Cell Culture System 
hOST  human primary Osteoblasts 
2D  two-dimensional 
3D   three-dimensional 
BCP   Biphasic Calcium Phosphate (60 % hydroxyapatite / 40% tricalcium phosphate) 
2. Materials and Methods 
2.1. Calcium-phosphate biomaterials 
Biphasic calcium phosphate [BCP] particles constituted of 60% Hydroxyapatite [HA, 
Ca10(PO4)6(OH)2] and 40% -tricalcium phosphate [-TCP, -Ca3(PO4)2] were supplied by Graftys SA 
(Aix-en-Provence, France). These ceramic particles were obtained by calcinating (950°C for 2h) calcium-
deficient apatites with different Ca/P ratios and prepared by an aqueous alkaline hydrolysis method [14]. 
Calibrated particles ranging from 40 to 80 m were used. The specimens were sterilized by heating at 
180°C for 2h.  
 
2.2. 2D cell culture (on flat plastic surface) 
Human osteoblasts (hOSTs) were purchased from PromoCell (Heidelberg, Germany). As mentioned 
by the manufacturer, these cells are fully differentiated osteoblasts. They do express all the osteoblastic 
markers and are able to mineralize their extracellular matrix in the presence of a mineralization medium. 
The cells were expanded on plastic culture flasks in complete culture medium constituted by alpha-MEM 
medium (LONZA, Emerainville, France), supplemented with 10% Hyclone foetal calf serum (FCS) 
(Perbio, Bezons, France), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin 
(LONZA). For standard 2D culture on plastic, the cells were seeded at a density of 85,000 cells/cm
2
. 
 
2.3 Static 3D culture within BCP particles 
The 3D culture in static condition was performed within cell culture inserts (NUNC, Roskilde, 
Denmark) of 10 mm diameter and a polycarbonate membrane with 3-mm pore size, as previously 
described [13]. Briefly, fifty milligrams of BCP particles were loaded into each insert, which was placed 
in a 6-well tissue culture micro-plate (Fig. 1). Three millions of hOST cells were added to each insert, 
resulting in a cell density of 85,000 cells/cm
2
 of BCP surface. Five milliliters of medium were added to 
each well, and the 3D culture was carried on for 15 days for preparing samples for the dynamic culture, or 
continued for a further 2 weeks (controls in static conditions) at 37°C and 5% CO2. The medium was 
changed the day after the cell seeding and then every other day. 
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Fig. 1. Three-dimensional system for the culture of human primary osteoblasts (host cells) into biphasic calcium phosphate (BCP) 
particles. (a) Culture inserts with a polycarbonate membrane of 3 m pore size are loaded with 50 mg of 40-80 m calibrated BCP 
particles (p), incubated in complete medium for 3 days before being seeded with 3 millions hOST cells. The inserts are then placed 
in 6-well tissue culture plates containing 5 ml complete medium. The medium is changed after 24 hrs then every other day without 
disturbing the BCP culture; (b) Haematoxylin, eosin and safran (HES) staining of paraffin section of 3D culture after 14 days. 
Osteocytes embedded in lacunae are indicated by white arrows. 
2.4. Dynamic 3D culture (RCCS
TM
bioreactor) 
After 15 days of culture in static conditions, the 3D cell constructs were either maintained in static 
conditions (controls) or loaded into the vessel of the Rotary Cell Culture System (RCCS™) bioreactor 
(Synthecon Inc., Houston, TX). To this aim, disk-shaped (High Aspect Ratio Vessel, HARV) culture 
chambers equipped with a silicon rubber gas exchange membrane, that allows an optimal diffusion of gas 
(oxygen) inside the vessel, were used. The bioreactor was placed at 37°C and 5% CO2. A motorized stand 
carries the culture vessel, while a controller unit permits to regulate its rotational speed (Fig. 2:A). Within 
the culture chamber no headspace was left between atmosphere and culture medium, so that shear forces 
and turbulence normally associated with impeller-driven stirred bioreactors were reduced to a minimum. 
All during the experimental procedures, RCCS
TM
 operational conditions were constantly monitored and 
optimized for obtaining a laminar flow of the fluid medium inside the culture chamber, while the 3D 
constructs were maintained suspended in a relatively stable position (condition of “free fall”). The culture 
medium was refreshed once a week. Samples were harvested after 2 weeks of culture in the RCCS
TM
 
device. 
 
2.5. Histological analysis 
After the indicated times in static or dynamic 3D culture conditions, the bio-constructs were 
harvested, fixed in 10% buffered formalin for 24h, demineralized for 24h in a 10% 
ethylenediaminetetracetic acid solution, and embedded in paraffin. Serial sections of 4 m were 
deparaffinized, hydrated, and stained with hematoxylin, eosin, and safran (HES) for optical microscopy 
analysis. 
3. Results and discussion 
These experimental procedures were performed in order to provide the best culture conditions for the 
generation and long-term maintenance of functional bone-derived 3D cell constructs that could represent 
new tools for basic research investigation on bone physiology and clinical applications. To this aim an 
innovative 3D model of bone matrix formation and osteocyte differentiation was kept in vitro for different 
time periods in static (controls) or in dynamic culture conditions (Fig. 2:B). Dynamic culture conditions 
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were obtained by using the RCCS™ bioreactor, which provides a unique culture method for long-term in 
vitro preservation of cell viability and differentiated functions in 3D cell constructs and tissue explants, 
and, specifically, was proved to favor pre-osteoblast aggregation and differentiation [15].  
Osteocyte differentiation and bone matrix formation in the BCP particle inter-space were assessed by 
histological analysis after paraffin embedding of the cultures. 
Preliminary results highlighted the particular difficulties related to the culture of our 3D bio-construct 
in the presence of a dynamic laminar flow generated by the RCCS™ bioreactor. Indeed, after two weeks, 
histological analysis of the 3D samples showed that hOST cells’ survival was much lower in dynamic 
conditions than what observed in the bio-constructs maintained in the static situation during the same 
period of time (controls). In parallel, compared to static controls, in the dynamic condition bone matrix 
formation was impaired, and cohesion of the 3D pellets was very low. 
Our hypothesis is that the mechanical properties of our 3D pre-formed cell-based bio-construct, which 
combines a mineral biomaterial and an organic phase, are not sufficient for withstanding the action of the 
hydrodynamic forces generated by the RCCM™ bioreactor. When the construct is exposed to the 
RCCM™-produced fluid dynamic conditions, it is subjected to shear forces, that, due to the very different 
density of each phase (mineral and organic), become too strong and overcome the cohesion strength 
generated by the reciprocal interactions between cells, BCP particles and neo-formed matrix. These 
detrimental forces are likely responsible for the “disaggregation” of the construct and for cell suffering. 
This phenomenon could also explain the resulting low cell viability and poor matrix formation that we 
observed in the constructs kept in culture within the RCCM™ bioreactor.  
We thus formulate the hypothesis that the addition of a synthetic or natural hydrogel, able to embed 
the 3D bio-construct prior to its loading into the RCCS™ vessel, could be a suitable method to counteract 
the dissociating forces applied by the fluid flow inside the culture chamber. This element, associated to a 
careful control of the fluid-dynamic forces acting inside the culture chamber (which, in accordance with 
the analysis of Lappa [16], should be adjusted taking also into account the size of the bio-constructs and 
their complex physical properties), should have a strong impact on hOST cells’ survival and function, 
and, consequently, on the potential of our 3D model of bone-like tissue formation.  
 
 
Fig. 2. A: The Rotary Cell Culture System (RCCSTM, Synthecon Inc, USA) bioreactor. RCCSTM device is laid horizontally and filled 
with culture fluid (a, b). A silicon rubber gas exchange membrane allows an optimal diffusion of gas (oxygen) inside the vessel (c). 
Sample harvest, as well as culture medium exchange or treatment, can be performed directly through Luer Lock syringe ports (d). 
B: Insertion of the 3D bio-construct (black arrow) into the RCCSTM culture chamber (HARV). Human osteoblasts were cultured into 
BCP particles for 2 weeks and loaded in the HARV vessel filled with culture medium. The bio-construct was maintained in a 
dynamic fluid suspension for 2 weeks at 37°C, 5% CO2. At the end of this period, the 3D culture was harvested and analyzed. 
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4. Conclusion 
Our work confirms that, in addition to all the physical and biochemical features that are required for 
trying to reproduce, in vitro, the specificity of the original tissue-like micro-environment, in the case of 
3D bone-derived culture models, that, among all organic constructs, possess very complex structural 
characteristics, mass homogeneity, as well as other critical mechanical factors, has to be carefully 
considered when applying fluid-dynamic culture conditions, such as those generated by the RCCS™ 
bioreactor. 
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